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Abstract 
Diamond layers can show different morphologies, i.e. well-facetted, fine-grained and ballas diamond. Additionally, the 
types NCD (nanocrystalline diamond), UNCD (ultra nanocrystalline diamond) and various types of amorphous carbon (a-
C, a-CH …) are known. To characterise the various carbon deposits Raman spectroscopy is most common, because this 
technique is simple to handle. With a modern Raman spectrometer, provided with three different laser units (wavelengths 
472,681 nm/ blue, 532,1 nm/ green, 632,81 nm/ red), the same spot of a sample can be measured several times. A set of 
diamond coatings, representing the different morphologies, and moreover, boron doped levels were selected for Raman 
characterisation. Varying the laser wavelength, highly different Raman spectra were obtained and their interpretation is 
quite difficult. 
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1. Introduction 
For the characterisation of the carbon bond in diamond films Raman spectroscopy is an important method. 
The crystalline diamond is identified by a specific peak at 1332 cm-1. Most of the former literature reports 
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Raman spectra measurements with a green Ar-laser (linearly polarized Ar+ laser (514.5 nm)) (Bichler et al., 
1989). 
Crystalline diamond shows a sharp Lorentz peak at 1332 cm-1 and crystalline graphite at 1580 cm-1. 
Contrary, amorphous graphite forms a broad band between 1500 and 1550 cm-1 (G-band, amorphous graphitic 
regions). The peak at 1332 cm-1 is related to the diamond crystal lattice. The peak intensity is reduced by 
impurities and defects of individual diamond crystals. Micro- and nanocrystalline diamonds have a Gauss 
peak at 1140 cm-1 and a D-band (disordered graphite) at 1355 cm-1. For different sp2-clusters additional bands 
at 1480 (broad) and between 1530 and 1550 cm-1 are observed. Ballas diamond has a small or no diamond 
peak, however, the D- and G-bands are quite clear (Bühlmann et al., 1999). 
Boron doping of diamonds was investigated intensely due to the semiconducting properties of doped 
diamonds. Homogeneous doping with boron is complicated, because the incorporation of boron into the 
diamond lattice is irregular (Kolber et al., 1999). When diamond octahedral facets (111) grow more boron is 
incorporated than during the growth of cubic facets (100). These differences of boron incorporation in various 
crystal facets result in differences of the Raman spectra and the peak at 1332 cm-1 is strongly reduced 
(Hartmann et al., 1998). 
In literature the influences of the laser wavelength on the Raman spectra are described contrary. Most 
authors agree that the intensity of the Raman peaks varies with the excitation wavelength (Rudigier and 
Haubner, 2012). Leeds et al., 1998 and Yoshikawa et al., 1998 observed a shift of the graphite lines to lower 
wave numbers. The position of the diamond peak at 1332 cm-1 was not influenced. But May et al. (May et al., 
2008)observed that for diamond particles between 5 nm and 100 m the diamond peak shifted to lower wave 
numbers with decreasing particle size and decreasing laser wavelengths.  
(10 pt) Here introduce the paper, and put a nomenclature if necessary, in a box with the same font size as 
the rest of the paper. The paragraphs continue from here and are only separated by headings, subheadings, 
images and formulae. The section headings are arranged by numbers, bold and 10 pt. Here follows further 
instructions for authors. 
2. Experimental set-up and characterization of the samples 
An ASTEX microwave plasma CVD apparatus (2.45 GHz, 1.5 kW, stainless steel chamber, heated 
graphite substrate holder) was used for the deposition of undoped diamond coatings (Lindlbauer et al., 1992). 
SiAlON ceramic substrates were placed at the centre of the substrate holder. The substrate surface 
temperature T(sub) was checked by an optical pyrometer during deposition (Haubner and Lux, 1993). Typical 
deposition parameters were: gas pressure 60 mbar, gas flow 400 sccm and microwave power 1.4 kW. The 
methane concentration in hydrogen was varied between 1 and 12.5 % at substrate temperatures of 800 and 
950°C. The deposition times were 5 or 16 hours. 
A hot-filament reactor was used for the diamond deposition experiments with boron addition (triethylboron 
B(C2H5)3) (Bohr et al., 1995)( Nishitani-Gamo et al., 2000). A Ta-wire in a flat-coiled arrangement was used 
as a filament (Gerger and Haubner 2005). 
For the scanning electron microscopy (SEM) measurements a Philips XL30 ESEM-FEG was used. To 
determine the diamond film quality and phase purity Raman spectroscopy was used (LabRAM ARAMIS 
spectrometer from HORIBA Scientific). Three laser wavelengths were available (472,681 nm/ blue, 
532,1 nm/ green, 632,81 nm/ red). Laser powers were 3,3 mW (472,681 nm/ blue), 3,3 mW (532,1 nm/ green) 
and 12 mW (632,81 nm/ red). The spectra were measured fractionised and for every sequence three 
measurements were accumulated. The slit was 100 or 200 μm. A Raman microscope with 100-fold 
magnification was used to select the positions on the diamond surface. The diameter of the spot for the 
measurement is about 2 μm. 
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3. Results and Discussion 
3.1. Raman spectra of various diamond morphologies without doping 
In case of ideal conditions for growth diamonds with octahedral facets are formed preferentially. Fig. 1a 
show the Raman spectra for the three different laser wavelengths used. For this diamond morphology the blue 
and green laser show spectra with characteristic diamond peaks at 1328 cm-1, respectively 1321 cm-1. The G-
band between 1500 and 1550 cm-1 is distinctive for both laser wavelengths. Using the red laser the spectrum 
is quite different. A dominant luminescence peak at 2266 cm-1 appears and the peaks for diamond and G-band 
are remarkable small. 
In Fig. 1b a diamond layer with large cubic diamond facets is shown. It is well known that cubic growth 
sectors of diamond are nearly defect-free (Joksch et al., 1994). The Raman spectra for this diamond 
morphology, taken with different laser wavelengths, are similar: the diamond peak appears at 1328 cm-1 
(green laser), at 1331 cm-1 (blue laser) and at 1333 cm-1 (red laser). 
Since the layer contains almost carbon sp3-bonds, no other significant peaks are found. Again, with the red 
laser a luminescence peak is observed at 2288 cm-1. 
Fig. 1c shows the transition from cubic diamond facets to ballas morphology. The Raman spectra can be 
interpreted as a mixture of the spectra described in Fig. 1a and Fig. 1b. The D- and G-bands, characteristic for 
ballas, are slightly indicated. 
Fig. 1d - f show various types of ballas diamond with decreasing diamond crystal size. Ballas is a radially 
grown diamond with a twin shaped microstructure and can be described as nano-crystalline diamond (NCD) 
(Haubner and Lux 2002). The other peaks are very broad. At about 1160 cm-1 is a shoulder-like peak that is 
often observed for microcrystalline, nanocrystalline and ballas diamonds. The signals about 1330 cm-1 and 
about 1560 cm-1 are the D- and G-bands, which are characteristic for ballas diamond. All three spectra are 
shifted for 5 - 10 cm-1. 
The layer shown in Fig. 1f is not continuous and the peaks at 515 (blue), 510 (green) and 521 cm-1 (red) 
indicated the Si substrate. At 1160 cm-1 there is the shoulder-like NCD/ ballas peak. The D-band is at 1341 
(blue), 1323 (green) and 1328 cm-1 (red), the G-band at 1566 (blue), 1557 (green) and 1562 cm-1 (red). 
The luminescence peak, described for well-facetted morphologies, is only observed at the coarse ballas 
morphology in the red spectrum (2262 cm-1). With decreasing diamond grain size and increasing defect 
density the luminescence disappears. 
3.2. Influence of boron doping on the Raman spectra 
For boron doped diamond it is well known that boron is incorporated preferentially in octahedral (111) 
than in cubic (100) growth sectors. These differences in boron concentrations cause differences in Raman 
spectra at the (111) and (100) facets of an individual crystal (Fig. 2). 
Fig. 2a shows cubic-octahedral diamond crystals where the cubic (100) facet was selected for the Raman 
measurements. Boron, with a 1500 ppm B/C relation, was added to the diamond deposition atmosphere. The 
peak intensities caused by the green laser were much higher than with the blue and red laser, but generally the 
background was high compared with the peak intensity. The maxima of the diamond peaks were measured at 
1326 (green), 1333 (blue), and 1326 cm-1 (red). The peaks about ~500 cm-1 are caused by the Si substrate. 
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Fig. 1. Raman measurements with different laser wavelengths on diamond coatings with morphologies from small octahedral and large 
cubic facets to ballas diamond. 
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Fig. 2. Raman measurements on boron doped diamond coatings with various morphologies. 
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Fig. 2b shows coarse-facetted diamond with high-quality octahedral (111) facets. 1500 ppm boron was 
added to the diamond deposition atmosphere. Remarkable small diamond peaks were observed at 1305 (blue), 
1301 (green) and 1303 cm-1 (red). The intense peaks about ~1200 cm-1 can not be interpreted but they are 
obviously no NCD/ballas peaks. 
In contrast to the undoped diamond the luminescence peak caused by the red laser disappeared. 
Fig. 2c shows a diamond coating with small (111) facets and boron, produced in a deposition atmosphere 
of 4200 ppm B/C. Again, the D-band (about 1350 cm-1) and G-band (about 1590 cm-1) show highest 
intensities for the green laser. For the blue and red laser units the peak maxima are slightly shifted. 
The bands at 2738 (blue), 2702 (green) and 2667 cm-1 (red) are termed G´-bands and are related to 
graphitic structures. A simultaneous deposition of diamond and graphite is possible, if the reaction 
atmosphere contains boron and other impurities, e.g. nitrogen (Hartmann et al., 1997). Fig. 2d - f show 
various types of ballas diamond, also termed NCD and UNCD because of a decreasing diamond crystal size. 
All these coatings have a similar morphology and show the D- and G-bands. For the different coatings and the 
different laser wavelengths the positions of the maxima and the intensities in the spectra vary. It is not 
possible to distinguish between the different coatings by characteristics of the Raman spectra. 
3.3. Comparison of selected boron doped diamond coatings 
After boron doping with different concentrations (1200, 2800, 8900 ppm B/C), the diamond coatings with 
various morphologies (well-, medium-, fine-facetted, ballas) were measured with a blue (a), red (b) and green 
(c) laser, and compared (Fig. 3). 
It can be concluded that the diamond peak at 1332 cm-1 decreases when the defects in the crystal increases. 
The well- and medium-facetted diamond layers, containing 1200 and 2800 ppm B/C, show the diamond 
peak about 1332 cm-1. The highest intensities for this peak were observed with the blue laser (Fig. 3a). For all 
diamond morphologies the diamond peak decreases with increasing boron content. 
If the diamond crystal size decreases (fine-facetted diamond with 1200 ppm B/C) or the boron content in 
the gas phase increases up to 8900 ppm B/C no diamond peak but D-band, G-band and G´-band are observed. 
The peak intensities and positions of the peak maxima are slightly different for each spectra measured with 
the three laser wavelengths. 
4. Conclusions 
In this work Raman investigations are presented where it was possible to measure several times an 
individual spot on a diamond surface with three different laser wavelengths, without changing the Raman 
spectrometer. If the spectrometer had to be changed it was nearly impossible to find the identical spot for all 
measurements. To compare the Raman results with different laser units, it is important to measure exactly the 
same position on the diamond sample because the defect distribution can be quite inhomogeneous in diamond 
coatings (Joksch et al., 1994)(Wurzinger et al., 1997). 
If the laser wavelength is changed, quite different spectra are obtained for an identical spot of the diamond 
coating. The positions of the peak maxima shift, the peak intensities and the luminescence effects vary. 
The results show that the choice of the adequate laser wavelength is important for the spectra. Blue and 
green laser light exhibit a distinctive diamond peak at about 1330 cm-1 for well-facetted diamond. The peaks 
for the D- and G-bands are different in intensity and the maximum´s position. Spectra of crystalline diamond 
taken with the red laser are dominated by a luminescence peak at about 2270 cm-1. Other peaks are relatively 
small. If the defect concentration in the diamond (e.g. ballas diamond) increases, the luminescence peak 
decreases. 
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Fig. 3. Comparison of the diamond morphologies at different amounts of boron doping, for the different laser wavelength. 
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The obvious differences between the Raman spectra measured with different laser wavelengths were also 
observed for the boron doped diamond coatings. The green laser showed the highest peak intensities for the 
Raman spectra. Due to these differences in the Raman spectra it is disadvantageous to compare literature data 
without detailed informations about the Raman equipment. Moreover, the comparison of data is more difficult 
by the use of diode-lasers which are available with various wavelengths.  
Thus the characterisation of the diamond layers by Raman is sophisticated, due to the unknown influence 
of the used laser wavelengths. Therefore, by using a new or unknown Raman spectrometer, it is recommended 
to measure several Raman spectra of well-defined diamond samples as standards before unknown diamond 
qualities are analysed. 
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